The cost-effectiveness of lambdacyhalothrin-treated nets in comparison with conventional DDT spraying for malaria control among migrant populations was evaluated in a malaria hyperendemic area along the Thai-Myanmar border. Ten hamlets of 243 houses with 948 inhabitants were given only treated nets. Twelve hamlets of 294 houses and 1,315 population were in the DDT area, and another 6 hamlets with 171 houses and 695 inhabitants were in the non-DDT-treated area. The impregnated net program was most cost-effective (US$1.54 per 1 case of prevented malaria). Spraying with DDT was more cost-effective than malaria surveillance alone ($1.87 versus $2.50 per 1 case of prevented malaria). These data suggest that personal protection measures with insecticide-impregnated mosquito net are justified in their use to control malaria in highly malaria-endemic areas in western Thailand.
INTRODUCTION
Malaria continues to be an important public health problems in Thailand today. 1 The situation is particularly critical among the high-risk groups of migrant populations along international borders, causing multidrug-resistant Plasmodium falciparum to spread through most parts of the country. 2 Therefore, appropriate malaria control strategies with emphasis on organizational, economic, and cultural aspects are urgently needed.
Residual DDT indoor spraying has been used as a national malaria control measure in Thailand since 1940. 3 If labor and supervision costs are considered, the insecticide spraying programs would constitute at least half of the total malaria budget. However, control of malaria vectors by expensive conventional DDT spraying has encountered serious setbacks for 2 reasons: a low level of acceptability by communities; and a failure for DDT to sufficiently interrupt malaria transmission in the highly endemic areas. 4 Therefore, establishing locally cost-effective malaria control measures for use by communities as part of a primary health care strategy to replace DDT spraying would be of major public health significance.
Among available control measures, personal protection by means of insecticide-impregnated bed nets has shown promising results in a number of countries. Moreover, the use of impregnated bed nets has been proved appropriate both in terms of acceptability and affordability among migrant workers in eastern Thailand. 20 This control measure was found to be useful among migrant populations along the frontier areas because the community can treat nets with appropriate chemicals under the direction of local health workers, which can then easily be carried to the forest or farm hut.
Although pyrethroid-treated mosquito nets are gaining in popularity, questions remain as to their effectiveness, costeffectiveness, acceptability, and sustainability. It is not known whether treated mosquito nets can control malaria better than DDT indoor residual spraying.
Thus, we have compared the cost-effectiveness of lambdacyhalothrin-treated mosquito nets with conventional DDT spraying for malaria control among migrant populations in a highly malaria endemic area along the Thai-Myanmar border. The impact of this intervention on epidemiological aspects of malaria will be published elsewhere.
MATERIALS AND METHODS

Study area.
This study was conducted at 6 villages in 2 subdistricts of the Mae-Ramard District, Tak Province, between February 1993 and January 1994. Study sites were located at the western border of Thailand with Myanmar, at latitude 16Њ55Ј and longitude 98Њ40Ј in the forest fringing several small valleys and hills, with an altitude ranging 400-800 m above sea level. These areas are within a governmentconserved forest area inhabited by Karen hill tribes. The area consists of houses and huts, scattered in the form of hamlets, ϳ 2-5 km apart, mostly inaccessible by car. Sites were chosen on the basis of high malaria endemicity (annual incidence Ͼ 20,000 per 100,000 population) and the similarity of malaria vectors, ecology, topography, and terrain of each hamlet.
Allocation. Twenty-eight hamlets of similar malaria incidence were divided into 3 groups: a net area, a DDT area, and a control area. The net area was located in Villages 2 and 4 of the Sam-Muen Subdistrict, comprising 10 hamlets, 243 houses, and 948 inhabitants. The DDT area was located in Village 1 and 3 of Sam-Muen Subdistrict, comprising 12 hamlets, 294 houses, and 1,315 inhabitants. The control area consisted of 6 hamlets in Villages 7 and 10 of the Mae-Jarao Subdistrict and had with 171 houses and 695 inhabitants. Anopheles minimus and Anopheles dirus were the major malaria vectors in all 3 study areas.
Baseline data. At the outset of the study, baseline epidemiologic, social, economic, and entomological parameters were collected as previously described by Prasittisuk and others (unpublished data). Thick blood smears were obtained from all subjects and examined for malaria parasites. If positive, the subject received treatment in accordance with the policies of the Malaria Division, Ministry of Public Health. Informed consent was obtained from all human adult participants and from parents or legal guardians of minors. This study was approved by the ethics committee of the Faculty of Medicine, Chulalongkorn University Interventions. Impregnation of mosquito nets. By the baseline survey, mosquito nets available within each household were recorded before the intervention. The community was prepared by encouraging villagers to wash their own nets and allowing them to dry properly for 1-2 days before impregnation with 20 mg active ingredient (a.i.) /m 2 lambdacyhalothrin in the form of an emulsifiable concentration containing 2.5% active ingredient. The method of impregnation modified from Shreck and Self 36 and as described by Prasittisuk and others 37 was used. In addition, new impregnated mosquito nets were provided to cover the whole population in the net area.
Spraying with DDT. Spraying with DDT was carried out indoors as a residual spray cover in the 12 hamlets as previously described with 2 g a.i./m 2 . The spraying operations were implemented similarly to the normal practice of malaria control.
Control group. Malaria surveillance was carried out in the 3 study areas in terms of passive case detection, including the control group, by using health care facilities at all levels of the health care system (provincial hospital, district hospital, 5 local health centers, malaria sector, and 3 malaria clinics).
Compliance monitoring. The subjects' compliance in using the net was monitored qualitatively (observation with full participation). The results of this study will be reported elsewhere.
Evaluation of efficacy. The number of subjects in the study area who could potentially be prevented from contracting malaria was used as an indicator to evaluate the program effectiveness. Because of the unequal numbers of subjects in the 3 study groups, we had to calculate the expected number of subjects with malaria by adjusting the number of subjects enrolled from observations for the standard population (number of subjects in the DDT spraying groups).
Identification and estimate of provider costs. Costs were determined for fiscal year 1994 (October 1993 to September 1994) and expressed in U.S. dollars. The major viewpoint adopted in this study was that of the Malaria Division, Ministry of Public Health, Thailand. This perspective was selected because the Malaria Division is the final decisionmaker in the funding of malaria control programs and hence responsible for the organization and administration of all medical and public health services for malaria in the country.
The cost incurred by the provider was the real cost of delivering the service to the malaria patients at all levels of the health care system in the study areas during fiscal year 1994. The total provider cost in each health care facility was be calculated from labor, material, and capital cost. The total direct cost is the sum of those 3 components. This study applied the direct distribution method as a method of cost allocation to each cost center. 38, 39 In this study, cost and effects are largely immediate, leaving the cost-effectiveness ratio relatively unaffected by the discount rate. Therefore, no attempt was made to adjust cost and effects for time.
For statistical evaluation of the effectiveness, the level of significance was calculated by the chi-square test. tic factors of the 3 study groups that may have affected the outcome of the study is shown in Table 1 .
RESULTS
Comparability of baseline data among the 3 study groups. A comparison between important baseline prognos-
Effectiveness of each program. The details of this study will be described elsewhere (Prasittisuk M and others, unpublished data). In brief, among the 1,034 people who used impregnated nets, 61 (6%) had malaria compared with 68 (5%) of 1,423 in the DDT spraying group and 97 (13%) of 757 in the control group (P Ͻ 0.0001, by chi-square test) ( Table 2 ). One hundred fifteen episodes of malaria were found among subjects in the treated bed net group compared with 136 in the DDT spraying group and 275 in the control group (P Ͻ 0.0001)
In terms of species-specific parasitemia, 77 episodes of P. falciparum parasitemias were seen in the treated bed net group of 1,034 patients (67%), compared with 98 episodes in the DDT-spraying group of 1,423 patients (72%) and 215 of 757 (78%) in the control group (P Ͻ 0.0001). Thirtyeight episodes (28%) of P. vivax parasitemia were found in the impregnated bed net and DDT spraying groups compared with 60 episodes (21.8%) in the control group (P Ͻ 0.0001).
Costs. Total provider costs of DDT spraying and impregnation of nets are presented in Table 3 . The cost of DDT spraying was 2.4 times higher than that of net impregnation, when adjusted for the standard population. The cost of malaria surveillance in terms of passive case detection, which included cost of blood smear examination, cost of treatment and follow-up, and cost of organization, administration, and information, education and communication among the 3 programs, is presented in Table 4 . Subjects in the control group more frequently died from malaria and consumed more medical resources compared with those in the DDT spraying and impregnated bed net groups ( Table 5) .
Cost-effectiveness analysis. The impregnated bed nets program was more cost-effective than DDT spraying and surveillance alone in controlling malaria in the patient populations we studied (Table 6 ). Spraying with DDT was more cost-effective than malaria surveillance alone.
DISCUSSION
The results of this study indicate that insecticide-impregnated bed nets are cost-effective for preventing malaria in western Thailand and are well accepted by the resident populations there. It is of substantial importance that the impregnated bed nets were more cost-effective than residual DDT spraying or malaria surveillance alone for malaria control. Most Karen hamlets are located in the forest along the border and hence are generally exposed to high malaria endemicity. The critical situation of malaria-prone areas along international borders should be vigorously addressed by appropriate, cost-effective control measures for malaria. Insecticide-impregnated mosquito nets, impregnated, for example, with pyrethroids, will probably be the most cost-effective, feasible, and acceptable means in these areas because nets are already available and widely used. Karen people usually go to sleep around 8 PM and remain inside their houses after sunset. However, they rise early, around 4 AM. This cultural characteristic supports the use of mosquito nets for malaria control, considering that the peaks of An. dirus and An. minimus are at around 8 PM and also from 10 PM to midnight. Malaria infection may be contracted during the early morning on upon emerging from the bed net.
Although the analysis showed that the impregnated bed net program was the most cost-effective, certain measures are required to ensure sustainability of the program. These malaria control activities should be integrated into the primary health care system in accordance with local conditions. A mosquito net fund can be set up at the village level under the management of the Village Development Committee. A villager can thus buy a net at a reasonable price; payment in installments may possibly be arranged. For villagers unable to pay, mosquito nets may be provided in return for labor (e.g., constructing roads and planting trees), which also benefits the community. Insecticide impregnation of nets can be arranged through community activities. Impregnation can be carried out annually before the malaria transmission season. Such a strategy is likely to enhance sustainability.
Bed nets were not included as the capital costs in this study because the major viewpoints adopted in this study were those of the Malaria Division, Ministry of Public Health (provider perspective). The Ministry of Public Health did not provide free bed nets to the villagers but provided free impregnation of the nets.
There are probably 3 major methods to treat mosquito nets: spraying, dipping, and the individual soaking method. The spraying method requires experienced personnel. It is also difficult to obtain an exact dosage of insecticides. Large amounts of the budget are wasted on labor and material costs due to insecticide loss during spraying. Mass dipping requires that several mosquito nets are impregnated together. This might be disadvantageous in that people may reject the notion of having their nets mingled with those of others. This method may not be applicable to Thai people. Therefore, in this project, we decided to use the individual-soaking technique. This method can be performed individually in a suitably sized polythene bag and also reduces contamination of workers with insecticide. We found this method to be simple and convenient, and the villagers were able to treat their nets by themselves. The residual effect of 20 mg a.i./m 2 of lambdacyhalothrin on polyester nets lasted for more than 12 months. Therefore, impregnation of nets may be performed only once a year at the beginning of transmission season.
The limitation of this study is the quasiexperimental study design that lacks randomization. 40 The most appropriate design for assessing the effectiveness of an intervention is randomized, double-blind clinical trial. This was not a feasible approach in this study as a result of operational difficulties. Therefore, it is difficult to interpret with the highest possible confidence the observed effects of the different intervention groups. However, except for the number of subjects in each group, the 3 groups we studied were comparable.
Compared with the control group, there was an apparent reduction in malaria morbidity in the DDT group. However, we contend that administration of DDT for vector control operations in Thailand should be terminated for several reasons: e.g., residual DDT spraying was not sufficient to interrupt the transmission of malaria. In addition, DDT dirties houses and cannot cover migrant populations. Furthermore, the public's increased concern with environmental contamination and toxicity to humans and animals has led many countries to ban the use of DDT.
It has become clear that any given single method cannot successfully control vector-borne diseases. Locally appropriate vector-control techniques must be developed for areas where residual house spraying is not practical. Self-protection is presently found to be the most suitable method for reducing transmission. Impregnated nets for personal protection are popular in many parts of the world and are used by members of various societies.
This study exemplified how cooperation among policymakers, administrators, implementers, and university researchers can lead to the implementation of health policy that is based on research findings. The results of this study have contributed to the malaria control program by recommending replacement of residual house spraying for vector control in high-risk areas with personal protection measures, particularly insecticide-impregnated mosquito nets. 
